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U
nderstanding the dynamics of
nanoscopically confined polymer
remains an intriguing scientific en-

deavor and one with significant technical
motivation. Confined polymers are featured
prominently in emerging applications ran-
ging from nanostructured films for plastic
solar cells to polymer nanocomposites for
structural applications, and to thin films for
smart coatings, photoresists for patterning
of submicrometer features, andmembranes
for energy-efficient separations.1�5 When a
polymer film (freestanding or substrate-
supported) is confined to the nanoscale,
its glass transition temperature (Tg) and
associated dynamics can differ substantially
from the bulk.6�19 Factors that influence
the deviation in Tg with confinement in-
clude geometry,20 strength of interfacial
interactions,14,21 sample preparation,22 and
chemical structure.23

The importance of confined polymers for
nanotechnology, as well as scientific curios-
ity, has motivated experimental studies to
characterize and elucidate the cause of
the Tg confinement effect. Numerous
reviews9,15,24 highlighting the experimental
and computational studies have been writ-
ten. The initial work by Keddie et al.11 de-
monstrated the dependence of polymer�
substrate interactions on the deviation in Tg
with confinementof thinfilms,whichhasbeen
subsequently confirmed by others.10,25,26 In
essence, in the absence of strong poly-
mer�substrate interactions, decreases in
Tg with confinement presumably occur
due to free surface effects.6,8 This assertion
was supported by measurements of free-
standing films (two free surfaces) in which
the magnitude in Tg reduction due to con-
finement was significantly greater than that

of supported films (one free surface) with
similar thickness9 and direct measurements
of a reduced free surface layer Tg of single
substrate support films.8,17,27 However, we
note that the impact of confinement on Tg is
still a subject of much debate.28�33

Irrespective of deviations in Tg with con-
finement, confined glasses undergo structur-
al relaxation (i.e., physical aging). Structural
relaxation is the spontaneous relaxation of
glasses toward equilibrium,which results in a
time dependence of end use properties.
Aside from investigations on submicrometer
thick polymeric membranes,34,35 few studies
have characterized the structural relaxation
of confined polymer glasses.17,36�43 Reduc-
tions in the rate-of-aging were reported for
supported thin polymer films of poly(methyl
methacrylate) (PMMA)38 and poly(2-vinyl
pyridine) (P2VP),41 and polymer�silica
nanocomposites of PMMA and P2VP39,41,44
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ABSTRACT We have measured the glassy-state structural relaxation of aqueous suspended

polystyrene (PS) nanoparticles (the case of soft confinement) and the corresponding silica-capped PS

nanoparticles (the case of hard confinement) via differential scanning calorimetry. Suspended and

capped PS nanoparticles undergo physical aging under isobaric and isochoric conditions,

respectively. With decreasing diameter, suspended and capped PS nanoparticles exhibited reduced

and bulk glass transition temperatures (Tg), respectively. To account for Tg changes with

confinement, all physical aging measurements were performed at a constant value of Tg � Ta,

where Ta is the aging temperature. With decreasing diameter, aqueous suspended PS nanoparticles

exhibited enhanced physical aging rates in comparison to bulk PS. Due to differences in

thermodynamic conditions during aging and interfacial effects from nanoconfinement, at all values

of Tg � Ta investigated, capped PS nanoparticles aged at reduced rates compared to the

corresponding aqueous suspended PS nanoparticles. We captured the physical aging behavior of

all nanoparticles via the Tool, Narayanaswamy, and Moynihan model of structural relaxation.

KEYWORDS: structural relaxation . confinement . nanoparticles . core�shell
nanoparticles . glass transition . physical aging . TNM model

A
RTIC

LE



GUO ET AL. VOL. 5 ’ NO. 7 ’ 5365–5373 ’ 2011

www.acsnano.org

5366

compared to the corresponding bulk polymer. Sup-
pressed aging with confinement has been attri-
buted to interfacial effects perturbing glassy-state
dynamics.38,39,41 This assertion was supported by local
interfacial aging measurements of PMMA films sup-
ported on silica that revealed a nearly complete sup-
pression of aging within the first 25 nm of the
interface.17 Recently, simulations also support the idea
that strongly impeded glassy-state dynamics at the
polymer�substrate interface can lead to suppressed
aging of confined polymer.45,46 In the absence of
interfacial effects, the rate-of-aging of ultrathin poly-
styrene films has been reported to be comparable to or
enhanced relative to that of the bulk.37,38,40

Since glasses are non-equilibrium materials, their
properties depend on the path to formation.47 Differ-
ent thermal histories (e.g., cooling rate), environmental
conditions (e.g., humidity), and pressure during forma-
tion lead to glasses with different thermodynamic
properties. Given that their properties strongly depend
on the path to formation, it is easy to comprehend the
challenge of understanding confinement effects on
aging of glasses. Here, we advance the current under-
standing of how confinement impacts aging by inves-
tigating how different confinement conditions, such as
soft versus hard confinements, alter the rate of struc-
tural relaxation and the time required to reach equi-
librium. This is achieved via aging studies on aqueous
suspended polystyrene (PS) nanoparticles (the case of
soft confinement) and silica-capped PS core�shell nano-
particles (the case of hard confinement) by calorimetry.
For aqueous suspended PS nanoparticles, structural
relaxation is under isobaric conditions, while for silica-
capped PS nanoparticles, structural relaxation is under
isochoric conditions. We show that the type of confine-
ment has a significant effect on the deviation in structural
relaxation of confined glasses compared to the bulk.

RESULTS

Figure 1 illustrates the temperature protocol employed
for the aging test, which consisted of four major steps:
(A) sample equilibration (annealing at Tgþ 20 �C for 20
min), (B) measurement of Tg prior to aging experiment,
(C) aging or annealing step, and (D) measurement of Tg
after aging. The controlled heating rates (in steps B, C,
and D) were 20 and 5 �C/min (a lower heating rate is
required for the MDSC technique) for the silica-capped
PS and aqueous suspended PS nanoparticles, respec-
tively. The cooling rates were 40 �C/min in all experi-
ments. For MDSC measurements, the amplitude was
0.2 �C and the frequency was 0.05 Hz. Reported Tgs are
midpoint values.
Figure 2 shows SEM images of 400 nm diameter PS

nanoparticles and the corresponding silica-capped
PS nanoparticles with a shell thickness of approxi-
mately 30 nm before and after the thermal protocol

employed to measure physical aging. Similar SEM
images were obtained for 200 nm diameter PS/PS�
silica core�shell nanoparticles (shell thickness of
∼30 nm). As shown from the representative SEM
images, monodisperse, smooth PS nanoparticles
were prepared by emulsion polymerization. Coating
PS nanoparticles with a thin silica shell via the Stöber
method did not distort or alter the structure of the
nanoparticles, as smooth, monodisperse silica-capped PS
nanoparticles were imaged. More importantly, the
images show that the nanoparticles were neither
destroyed nor did aggregation take place during the
thermal protocols employed for aging measurements.

Glass Transition Temperature. Glass transition tempera-
tures were determined during segments B andD of the
aging protocol. Identical Tg valueswere determined for
both segments for all nanoparticle samples, which
indicated no coalescence of polymer nanoparticles
during the aging protocol, in agreement with SEM
images. For bulk PS, Tg,bulk = 384 K. Examination of
unaged scans for PS nanoparticles (see Figure 3)
revealed that soft confinement of PS (nanoparticles

Figure 1. Temperature protocol of aging test: (A) removal
of previous thermal history, (B) measurement of Tg prior to
aging step, (C) aging step, and (D) measurement of Tg after
aging step.

Figure 2. SEM images of 400 nm diameter PS nanoparticles
and the corresponding silica-capped PS nanoparticles be-
fore and after aging (scale bars = 1 μm): (A) PS nanoparticles
before aging, (B) PS nanoparticles after aging, (C) silica-
cappedPS nanoparticles before aging, and (D) silica-capped
PS nanoparticles after aging.
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without silica shell) led to a Tg reduction (Tg,d=400 nm =

370 K; Tg,d=200 nm = 357 K), while hard confinement

(nanoparticles with silica shell) resulted in nearly no

change in Tg (Tg,d=400 nm = 383 K; Tg,d=200 nm = 378 K).

These measurements are consistent with Tg confine-

ment effects previously reported for PS nano-

particles48 and PS films in the freestanding10,19 and

capped geometries and support the assertion that

surface effects play a significant role in altering the Tg
of confined polymer.6,8,13 To account for confine-

ment-induced changes in Tg, aging was compared

at a constant value of Tg� Ta for all systems, where Ta
was the aging or annealing temperature.

Physical Aging. Figure 3 shows enthalpy recovery
curves at Tg � Ta = 8 K for different aging times for bulk
PS, aqueous suspended PS nanoparticles, and silica-
cappedPSnanoparticles. During aging, enthalpy recovery
curves grew and shifted to slightly higher temperatures
until equilibrium was achieved. After an aging time of
approximately 40 min (2400 s), equilibrium was
achieved for bulk PS. In comparison, PS nanoparticles
confined with and without a silica shell continuously
exhibitedagingat timesgreater than t=320min (19200s),
suggesting a longer aging time to reach equilibrium for
both soft and hard three-dimensional confinement.

This observation was further probed by plotting
Tf�Ta as a function of aging time at different values of

Figure 3. Heat capacity versus temperature during aging at Tg� Ta = 8 K for (A) bulk PS, (B) 400 nmdiameter PS nanoparticles
and PS�silica core�shell nanoparticles, and (C) 200 nm diameter PS nanoparticles and PS�silica core�shell nanoparticles.

A
RTIC

LE



GUO ET AL. VOL. 5 ’ NO. 7 ’ 5365–5373 ’ 2011

www.acsnano.org

5368

Ta for bulk PS and PS nanoparticles. The quantity Tf�Ta
is a measure of the departure from equilibrium and by
definition equals zero at equilibrium; Tf, the fictive
temperature, is a measure of the glass structure.49

The fictive temperature was determined from DSC
heat capacity data using a method developed by
Moynihan50 in which Tf is defined as

Z T2

Tf

(Cpl � Cpg)dT ¼
Z T2

T1

(Cp � Cpg)dT (1)

where T1 is a temperature well below Tg at which the
measured heat capacity, Cp, and the glassy-state heat
capacity, Cpg, are the same and T2 is a temperature
well above Tg at which Cp is equal to the liquid heat
capacity, Cpl. Practically, Tf was determined by setting
the area (T2 � Tf)(Cpl � Cpg) equal to the integral of
(Cp � Cpg) within the temperature interval [T1, T2].
Figure 4 illustrates aging isotherms for bulk PS and
aqueous suspended PS nanoparticles. All aging isotherms
asymptotically approached Tf� Ta = 0, which indicated
the attainment of (or approach to) equilibrium. For all
systems, increasing thequenchdepth (Tg� Ta) resulted in
longer aging times required to reach equilibrium. At
the same value of Tg � Ta, the time required to reach
equilibrium, teq, was significantly shorter for bulk PS
than aqueous suspended PS nanoparticles.

Figure 5 shows aging isotherms of PS nanoparticles
confined within a silica shell. Similar to bulk and
aqueous suspended PS nanoparticles, all aging iso-
therms asymptotically relaxed to or toward a value of
Tf� Ta = 0. At the same value of Tg� Ta, teq was shorter
for PS nanoparticles confined within a silica shell than
aqueous suspended PS nanoparticles. Then it follows
that teq,soft confinement > teq,hard confinement > teq,bulk. Yet,
we observe that teq is nearly identical for different sizes
of aqueous suspended and silica-capped PS nano-
particles. For the silica-capped PS nanoparticles,
this implies that PS and silica do not possess strong
attractive interactions, a premise consistent with direct
interfacial glass transition temperature measurements
of PS supported on a silica substrate.8 In Figure 5, the
solid set of symbols are aging measurements performed
at Tg� 6 K using MDSC. The data points are consistent
with those determined by DSC (open symbols). Hence,
the mode of DSC employed should not affect the
observed aging isotherms.

We computed aging rates (R = d(Tf � Ta)/d log taging;
with time in seconds) by fitting the linear portion of the
aging isotherms to a straight line; the results are sum-
marized in Table 1. Over the aging temperatures probed,
bulk PS and 400 nm diameter aqueous suspended PS
nanoparticles exhibited similar aging rates. In contrast,
200 nmdiameter aqueous suspended PS nanoparticles
exhibited aging rates greater than bulk PS. All things
being equal, silica-capped PS nanoparticles underwent
aging at reduced rates compared to the analogous

aqueous suspended PS nanoparticles. The percentage
reduction in aging rate (averaged over all aging tem-
peratures investigated) was similar for both 400 and
200 nm PS nanoparticles with the addition of a silica
shell.

Modeling Physical Aging of Polymer Nanoparticles. Aging,
a nonlinear and non-exponential relaxation process in
which enthalpy manifests time-dependent behavior, is
often described by the Tool, Narayanaswamy, and
Moynihan (TNM) model51�53 and the Kovacs, Aklonis,
Hutchinson, and Ramos (KAHR) model,54 which are

Figure 4. Aging isotherms of (A) bulk PS, and (B) 400 nm
diameter and (C) 200 nm diameter aqueous suspended PS
nanoparticles aged at different quench depths (Tg � Ta).
Solid lines are fits to the TNMmodel (see text). Error bars are
smaller than symbol sizes and were determined as the
standard deviation from multiple tests.
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mathematically equivalent. The TNMmodel utilizes the
Kohlrausch�Williams�Watts (KWW)55 function to re-
present structural relaxation during aging, and for
enthalpy relaxation is given by

δh ¼ ΔHa,¥ �ΔHa(t) ¼ δh0exp �
Z t

0

dt
τ

 !β
2
4

3
5 (2)

where δh, the departure from equilibrium, is defined as
the difference between the equilibrium enthalpy loss
(ΔHa,¥) and the instantaneous enthalpy loss of the
glass (ΔHa), as such, δh0 is the initial enthalpy departure
from equilibrium. The parameter τ is the characteristic
relaxation time, and β is the non-exponential parameter
related to the width of the relaxation time distribution.
The relaxation time, which is dependent on temperature
and structure, is approximated by

ln τ ¼ ln Aþ xΔh

RT
þ (1 � x)Δh

RTf
(3)

where the parameter A is a material constant, x parti-
tions the structure and temperature dependence on τ,
andΔh/R is the relative activation energy. The relation-
ship between Tf and δh is given by

Tf ¼ Ta þ δh
ΔCp

(4)

where ΔCp is the change in heat capacity at Tg. When
eqs 2�4 (TNM model) are applied, aging can be
modeled by calculating the evolution of the fictive
temperature as a function of time.56

The relative activation energies (Δh/R) were deter-
mined experimentally for each sample as the slope from
Arrhenius plots of ln(cooling rate) versus (1/Tf).

37 The
parameters A, x, and βwere identified by best fits to the
experimental data (see Table 2) viaminimizing the sum
of χ2 error between the desired fitting functions and the
data. The Levenberg�Marquardt algorithmwas used to
search the parameter space for the minimum of χ2.57

The initial value of Awas set according to ln A = ln τTg �
Δh/RTg, with τTg = 100 s; values of A determined by the
fitting are comparable to those found in the literature.58

Solid lines in Figure 4 are fits to the TNM model
using eqs 2�4. The model provided a good fit to the
experimental data for bulk PS and aqueous suspended
PS nanoparticles. Activation energies for aqueous sus-
pended PS nanoparticles were slightly lower than bulk
PS. The partition parameter, x, and stretched exponential
parameter, β, were larger with soft confinement when
compared to bulk PS at identical values of Tg � Ta.
At early aging time, the initial plateau was predicted to
be longer for aqueous suspended PS nanoparticles
compared to bulk PS.

Capping of the PS nanoparticles with a thin silica shell,
via the Stöber method, was accomplished at ∼296 K

Figure 5. Aging isotherms of (A) 400 nm diameter and (B)
200 nm diameter PS�silica core�shell nanoparticles aged
at different quenchdepths (Tg� Ta). Solid lines arefits to the
TNM model (see text). Filled squares are data measured by
MDSC. Error bars are smaller than symbol sizes and were
determined as the standard deviation from multiple tests.

TABLE 1. Aging Rates (R, unit: K) of Bulk and PS

Nanoparticles at Different Aging Temperaturesa

temperature (K)

size and structure Tg � 4 Tg � 6 Tg � 8 Tg � 10

d = 200 nm
core 1.996 2.491 2.824 3.077
core�shell 1.885 2.371 2.662 2.878
d = 400 nm
core 1.912 2.383 2.739 2.972
core�shell 1.818 2.302 2.573 2.786
bulk PS 1.679 2.312 2.699 2.895

a The error in aging rates is about (0.074 and was determined as the average
standard deviation in aging rates from multiple tests.

TABLE 2. TNM Model Parameters of Δh/R, x, and β for

Fitting of Bulk PS and PS Nanoparticles

bulk PS 400 nm PS

400 nm

PS�silica 200 nm PS

200 nm

PS�silica

Δh/R (K) 83400 81300 83700 78700 83000
ln A (s) �212.49 �215.04 �215.17 �215.75 �214.91
x 0.18 0.19 0.07 0.27 0.13
β 0.43 0.84 0.83 0.86 0.89

A
RTIC

LE



GUO ET AL. VOL. 5 ’ NO. 7 ’ 5365–5373 ’ 2011

www.acsnano.org

5370

(room temperature). Therefore, at room temperature, the
nanoparticles should be considered in a stress-free state,
and the pressure within the core�shell nanoparticle
should be atmospheric. If the silica shell was rigid and
free of cracks, then upon heating, due to differences in
thermal expansion coefficients between PS and silica,
glass formation and aging would be under nearly
isochoric conditions. Additionally, a positive pressure
would develop within the core�shell nanoparticles.
The condition of constant volume was confirmed by
comparing the constant pressure heat capacity, Cp, for
the aqueous suspended PS nanoparticles to the con-
stant volume heat capacity, Cv, of the silica-capped PS
nanoparticles at Tg to the thermodynamic relationship

Cp � Cv ¼ TR2

FK
(5)

where R is the coefficient of thermal expansion, κ is the
compressibility, and F is the density. Table 3 lists the
change in heat capacity at Tg for bulk and PS nanopar-
ticles. The differences in heat capacity between aqueous
suspended and silica-capped PS nanoparticles are con-
sistent with eq 5.

The expression between the Tf and δh (see eq 4) was
modified to account for the isochoric relaxation of
silica-capped PS nanoparticles

Tf;core�shell ¼ Ta þ δh
ΔCv

(6)

The solid lines in Figure 5 are fits to the data using the
TNMmodel, eqs 2, 3, and 6. Themodel provided a good
description of the experimental data. Silica-capped PS
nanoparticles exhibited higher and lower values of
activation energies and x, respectively, compared to
aqueous suspended PS nanoparticles. Values of β

remained nearly unchanged for PS nanoparticles with
and without a silica shell.

DISCUSSION

This work presents a comparison of soft and hard
confinement effects on physical aging of polymer
glasses. Studies on polymer nanoparticles with and
without an outer inorganic shell allow for independent
studies of confinement and interfacial effects on aging.
When investigating the impact of confinement on
physical aging, the importance of maintaining a con-
stant quench depth is due to the strong nonlinear
dependence of aging rate on the aging temperature.59

The temperature dependence of the physical aging
rate is set by the synergism between the driving force
for aging (Tg � Ta) and the mobility (Ta). Yet, two
assumptions must still be made: (1) the temperature
dependence of the aging rate is unaffected by confine-
ment, and (2) a constant value of Tg � Ta for bulk and
confined polymer necessarily implies equal departures
from equilibrium. Regarding the first assumption, for
PMMA and PS films supported on silica, the temperature

dependence of the aging rate (physical aging rate vs

temperature) was determined to be qualitatively differ-
ent and similar to the bulk, respectively.37,38 Addi-
tionally, for PMMA, the maximum aging rate occurred
at∼300 K for bulk and∼380 K for a 20 nm thick film,38

while for PS, themaximum aging rate occurred at∼340 K
for bulk and ∼350 K for a 30 nm thick film.38 From our
analysis of aqueous suspended and silica-capped PS
nanoparticles, the temperature dependence of the aging
ratewasqualitatively similar to thatofbulkPS (seeFigure6)
and in agreement with the observation reported in refs
37, 38, and 40. We note that in Figure 6, a maximum in
aging rate was not observed due to the limited range
of aging temperatures probed below Tg. Therefore, we
canconclude a similar temperature-dependent aging rate
(within the temperature range investigated) for bulk and
nanoparticles of PS. Regarding the second assumption,
we gain insight into its validity by comparing the actual
experimental Tg � Ta (measure of initial departure from
equilibrium) values to Tf� Ta valuespredictedby the TNM
model in the early time of structural relaxation for bulk
and nanoparticles of PS. For bulk, suspended, and capped
PS nanoparticles, the predicted values of Tf � Ta were in
agreement with the actual experimental values of Tg� Ta
(=4, 6, 8, and 10 K), suggesting an equal departure from
equilibrium at the onset of aging.
Thework of Koh and Simon,whousedDSC tomeasure

structural relaxation of stacked ultrathin PS films at
constant quench depths (Tg � Ta), provides the best
comparison to the present study.37 They found the time
required to reach equilibriumwas greater for a thin film
(h = 62 nm) compared to bulk and that the logarithmic
physical aging rate was independent of film thickness.

TABLE 3. Change of Heat Capacity at the Glass Transition

for Bulk PS and PS Nanoparticles

bulk 200 nm PS

200 nm

PS�silica 400 nm PS

400 nm

PS�silica

ΔCp, ΔCv (J/g 3 K) 0.304 0.311 0.247 0.334 0.266

Figure 6. Aging rates of aqueous suspended PS nanopar-
ticles, PS�silica core�shell nanoparticles, and bulk PS at
different quench depths (Tg � Ta).
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Our findings on aqueous suspended PS nanoparticles
were reasonably consistent with those of Koh and
Simon. As illustrated in Figure 7, longer aging times were
required for the attainment of equilibrium for aqueous
suspended and silica-capped PS nanoparticles compared
to bulk PS. In addition, as shown in Figure 6, we observed
similar logarithmic aging rates for bulk and silica-capped
PSnanoparticles,while aqueous suspendednanoparticles
exhibited slightly higher aging rates. A more direct com-
parisonof confinement effects onagingbetweenpolymer
nanoparticles and freestanding films can be made by
defining a characteristic length, h*, which for nanoparti-
cleswas the volume to surface area ratio equal to 1/6 of
the diameter, whereas for films, it was taken to be the
thickness. For the 400 nm diameter PS nanoparticles,
h* ∼ 67 nm, while for the 200 nm diameter PS
nanoparticles, h* ∼ 33 nm. Using this analysis, we
found our results to be in good agreement with that
of Koh and Simon, that is, an absence of an aging
confinement effect on the aging rate for a thin filmwith
h = 62 nm and nanoparticles with h* ∼ 67 nm. The
slight enhancement in aging rate of the 200 nm dia-
meter suspended PS nanoparticles was likely due to a
greater extent of confinement. The consistency in size-
dependent aging rate of nanoparticles and thin films,
when compared as a function of h*, suggests a com-
mon cause of the aging confinement effect irrespec-
tive of confining geometry (i.e., the free surface). A
recent study by Roth and co-workers, who used ellip-
sometry to measure the physical aging rate of sup-
ported PS films, suggested a strong connection
between the free surface (gradient in dynamics away
from free surface) and aging confinement effects.40

Capping of the PS nanoparticles with a silica shell
should remove the soft interfaceby confining thepolymer
withinahard shell, that is, the caseofhardconfinement. In
addition, the rigid shell layer created an isochoric
condition for structural relaxation. Since the shell layer
was formed at room temperature, Troom, at Ta > Troom a
positive pressure, ΔP = Rgκg(Ta � Troom), would devel-
op within the core�shell nanoparticles. In comparison
to the corresponding aqueous suspended PS nanoparti-
cles, silica-cappedPSnanoparticles confinedwithina silica
shell exhibited lower physical aging rates. This result is
consistent with there being an internal pressure within
the capped nanoparticles; that is, the relaxation rate
should decrease with increasing pressure. Yet, the time
required to reach equilibrium was smaller for capped PS
nanoparticles. This is presumably due to the absence

and presence of an initial aging plateau at short aging
times (as predicted by the TNM model) for PS nano-
particles with and without a silica shell, respectively.
In an early report, Simon et al.60 investigated the

aging response of ortho-terphenyl (o-TP), a molecular
glass former, under isochoric conditions. This was
achieved by confining the o-TP in controlled pore glass.
Interestingly, the isochorically confined o-TP aged to a
nonzero value of Tf� Ta. That Tf� Ta 6¼ 0 at equilibrium
was due to the formation of a negative pressure during
vitrification. Thus, at all aging temperatures (Ta < Tg), o-
TP aged under tension, which led to a modification of
the apparent equilibrium state. In the current study,
the state-of-affairs described above (i.e., aging under
tension) would not occur unless Ta < Troom, an aging
condition not investigated in the current study.

CONCLUSIONS

In summary, we have investigated the glassy-state
structural relaxation of PS nanoparticles under soft and
hard confinement. Aqueous suspended PS and silica-
capped PS nanoparticles aged under isobaric and
isochoric conditions, respectively. We found that with
decreasing diameter aqueous suspended PS nanopar-
ticles (soft confinement) exhibited higher logarithmic
physical aging rates in comparison to the bulk. Silica-
capped PS nanoparticles aged at reduced rates com-
pared to the corresponding aqueous suspended PS
nanoparticles, in agreement with there being an inter-
nal positive pressure within the core�shell nanoparti-
cles. The aging behavior could be well captured via the
TNM model of structural recovery.

EXPERIMENTAL SECTION
Materials. Styrene was purchased from Acros Organics (99%

extra pure, stabilized) and deinhibited by washing three times
with a 2 M sodium hydroxide solution and three times with
Milli-Q water. Washed styrene was distilled under reduced

pressure before use. All other chemicals were used as received:
sodium hydroxide (WTL La-borbedarf GmbH, 99%), divinylben-
zene (Fluka, mixture of isomers ≈80%), ammonium persulfate
(Acros Organics, 98%), acrylic acid (Acros Organics, 99.5%,
stabilized), absolute ethanol (Sigma Aldrich), poly(allylamine

Figure 7. Time required for the attainment of equilibrium
during aging for PS nanoparticles and bulk PS at different
quench depths (Tg � Ta); teq is defined as the instant at
which the value Tf � Ta e 0.1 K from the TNM model.
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hydrochloride) (PAH, Aldrich, average Mw ≈ 15 000 g/mol),
polyvinylpyrrolidone (PVP, Fluka, K 90, Mw ≈ 360 000 g/mol),
ammonia (Fluka, 25 wt % in water), and tetraethoxysilane (TES,
Si(OEt)4) (Acros Organics, 98%). Milli-Qwater was obtained from
a Millipore purification system operating at 18.2 MΩ cm.

Synthesis of Polystyrene Nanoparticles. Soap-free emulsion po-
lymerization was carried out in a 500 mL three-necked flask
equippedwith a condenser, a PTFE stirrer, and a gas inlet. Milli-Q
water was put in the reactor, and nitrogen was bubbled for 20
min. Ammonium persulfate was added to the water, and the
systemwas heated to 75 �C. Amixture of divinylbenzene, acrylic
acid, and styrene was added dropwise within 1 h while stirring
and reacted for 24 h. The resulting suspension was cleaned by
centrifugation in water and ethanol at least six times. The
resulting PS nanoparticles were suspended in water. The PS
nanoparticles were slightly cross-linked with 0.4% and 1.3%
w/w of divinylbenzene with respect to styrene for 200 and
400 nm PS nanoparticles, respectively.

Synthesis of Silica-Capped PS Nanoparticles. Polystyrene spheres
were dispersed in water (concentration of 68 g/L) and pretreated
with polyelectrolytes according to the procedure outlined in ref 61.
Treated PS spheres were reacted with ammonia and TES at room
temperature (23 �C) for 12 h while stirring, as previously des-
cribed.62 The spheres were washed three times in fresh ethanol.
The resulting PS�silica nanoparticles were suspended in water.

SEM Imaging. PS nanoparticles and PS�silica core�shell nano-
particles were first dried in a fume hood at room temperature for
24h then annealedat 50 �C inDSCpansuntil a stableheat flowwas
recorded. Dried samples were transferred onto black carbon tape
and coated by sputteringwith iridium for 20min and then imaged
using a Philips XL30 FEG SEM.

Calorimetry Measurements. Physical agingmeasurements were
performed using a TA Instruments Q2000 differential scanning
calorimeter (DSC) in both standard mode (for PS�silica core�
shell nanoparticles and bulk PS) and modulated mode (MDSC)
(for PS nanoparticles suspended in water). A nitrogen environ-
ment was employed in this study. The DSC was calibrated on
heating at 20 �C/min and isothermally calibrated at 75 �C. The
MDSC was calibrated on heating at 5 �C/min. Calibrations were
performed using the modules in the Thermal Advantage soft-
ware provided by TA Instruments.

Sample Preparation. PS nanoparticle (or PS�silica core�shell
nanoparticle) suspensions were added dropwise into aluminum
DSC pans held at 50 �C to partially evaporate water (core�shell
nanoparticle samples were completely dried). After partial
evaporation of water, another drop of the suspension was
added to the pan and the water allowed to evaporate. This
process was repeated twice to increase the mass of polymer in
the sample pan. Samples were hermetically sealed, and as such,
measurements were performed in an air (PS�silica core�shell
nanoparticles) or water (PS nanoparticles) environment in the
DSC pan. Bulk PS was prepared from nanoparticle samples that
were dried under vacuum and subsequently annealed at 423 K
for 20 h, which caused the particles to aggregate and form a
bulk sample. SEM images (not shown) reveal the formation of
bulk polymer by the above annealing protocol.
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